Bulk glassy alloy rods with a diameter of 20 mm were produced for Zr 61 Ti 2 Nb 2 Al 7:5 Ni 10 Cu 17:5 and Zr 60 Ti 2 Nb 2 Al 7:5 Ni 10 Cu 18:5 by a tilt casting method. The replacement of Zr by a small amount of Ti and Nb caused a distinct increase in the maximum diameter from 16 mm for Zr 65 Al 7:5 Ni 10 Cu 17:5 to 20 mm, accompanying the decrease in liquidus temperature and the increase in reduced glass transition temperature. The primary precipitation phase from supercooled liquid also shows a distinct change, i.e., from coexistent Zr 2 Cu, Zr 2 Ni and Zr 6 NiAl 2 phases for the 65%Zr alloy to an icosahedral phase for the 61%Zr and 60%Zr alloys. These results allow us to presume that the enhancement of the glassforming ability is due to an increase in the stability of supercooled liquid against crystallization caused by the development of icosahedral shortrange ordered atomic configurations. The 60%Zr specimens taken from the central and near-surface regions in the transverse cross section at the site which is 15 mm away from the bottom surface of the cast glassy rod with a diameter of 20 mm exhibit good mechanical properties under a compressive deformation mode, i.e., Young's modulus of 81 GPa, large elastic strain of 0.02, high yield strength of 1610 MPa and distinct plastic strain of 0.012. Besides, a number of shear bands are observed along the maximum shear stress plane on the peripheral surface near the final fracture site. The finding of producing the large scale Zr-based bulk glassy alloys exhibiting reliable mechanical properties is encouraging for future advancement of bulk glassy alloys as a new type of functional material.
Introduction
For the past two decades, a variety of bulk glassy alloys have been developed in lanthanide (Ln)-, 1) Mg-, 2) Zr-, 3) ZrBe-, 4) Fe-, 5) Pd-Cu-, 6) Ti-, 7) Ni-, 8) Co- 9) and Cu- 10) based systems by various slow cooling production processes such as copper mold casting and water quenching etc. Among these bulk glassy alloys, Zr-based bulk glassy alloys exemplified by Zr-Al-Ni-Cu and Zr-Be-Ti-Ni-Cu systems are the most important alloy systems because of the achievement of various useful engineering properties in conjunction with high glass-forming ability. When Zr-based bulk glassy alloys are focused on Zr-rich compositions exceeding 50 at%, typical alloy systems with large diameters above 10 mm are limited to Zr-Al-Ni-Cu [11] [12] [13] [14] [15] and Zr-Al-Cu 16) base systems. More recently, the development of a new Zr-based glassy alloy system having higher glass-forming ability in the absence of toxic Be element becomes important for further extension of application fields.
In 1995, we examined systematically the effect of additional elements (Ti, Hf, Nb, Ta, Cr, Mo, W, Pd, Pt, Ag or Au) on the glass-forming ability, thermal stability of supercooled liquid and precipitation behavior of crystalline phases for Zr 60 Al 10 Ni 10 Cu 20 base alloy ingots with an average height of about 8.2 mm produced by arc melting on water-cooled copper hearth without any reinforced cooling treatment. 17) As a result, the addition of Ti, Nb or Pd element was found to be effective for a further increase in the glass-forming ability. 17) However, there have been no data on the formation and fundamental properties of Zr-based bulk glassy alloys containing simultaneously these effective elements. Subsequently, larger alloy rods of 16 to 30 mm in diameter consisting of a glassy phase were produced for Zr 55 Al 10 Ni 5 Cu 30 alloy by suction casting 12, 13) and cap casting. 14) Very recently, it has also been reported that the Zr 65 Al 7:5 Ni 10 Cu 17:5 glassy alloy rods produced by tilt casting keep a glassy phase in the diameter range up to 16 mm. 15) In particular, it is important to develop a larger scale bulk glassy alloy in the Zr-rich Zr-Al-Ni-Cu base system with Zr compositions above 60 at% because the Zr-rich alloys exhibit higher ductility, higher Poisson's ratio and higher stability against annealing-induced embrittlement than those for the Zr-based bulk glassy alloys with Zr compositions below 60 at%. [17] [18] [19] [20] The selection of more multi-component Zrbased alloy systems containing the effective elements of Ti, Nb and Pd is expected to cause a further increase in glassforming ability of the Zr-rich alloys even by use of a tilt casting method 16) which can be regarded as a kind of conventional copper mold casting process. This paper aims to present the formation ability, thermal stability and mechanical properties of Zr 61 Ti 2 Nb 2 Al 7:5 Ni 10 Cu 17:5 and Zr 60 Ti 2 Nb 2 Al 7:5 Ni 10 Cu 18:5 bulk glassy alloys and to discuss the effect of simultaneous addition of these transition elements on their properties with the aim of determining the most appropriate alloy composition for useful bulk glassy alloys in Zr-Al-Ni-Cu base system. were prepared by arc melting the mixtures of pure metals with purities of 99.9 mass% for Zr, Ti and Nb and 99.99 mass% for Al, Ni and Cu in an argon atmosphere. The alloy compositions present nominal atomic percentages. Bulk glassy alloy rods with a diameter of 20 mm and a nearly fixed length of about 50 mm were produced by a tilt casting method which had the same solidification process as that for the conventional copper mold casting method in an argon atmosphere. Glassy alloy ribbons with a cross section of 0:02 Â 2 mm 2 were also prepared for comparison by the melt spinning method. The glassy structure was identified by X-ray diffraction, optical microscopy (OM) and transmission electron microscopy (TEM). The etching for OM observation specimens was made in an aqueous fluoride solution for 5 s at 298 K. TEM specimens were made by mechanical cutting, followed by electrical polishing and then low energy ion milling. Thermal stability associated with glass transition, supercooled liquid region and crystallization was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. The liquidus and melting temperatures were measured with a differential thermal analyzer (DTA) at heating and cooling rates of 0.33 K/s in a flowing argon atmosphere. Mechanical properties were measured under a uniaxial compressive load at room temperature by using an Instron testing machine. The gauge dimension was 2 Â 2 Â 4 mm 3 and the strain rate was 5 Â 10 À4 s À1 . Deformation shear band and fracture surface morphology were examined by scanning electron microscopy (SEM). Figure 1 shows outer shape and surface morphology of the cast Zr 61 Ti 2 Nb 2 Al 7:5 Ni 10 Cu 17:5 and Zr 60 Ti 2 Nb 2 Al 7:5 -Ni 10 Cu 18:5 alloy rods with a diameter of 20 mm. These alloy rods exhibit smooth surface and shiny luster. Neither ruggedness nor concave is observed over the whole outer surface. These features indicate the absence of a distinct crystalline phase on the outer surface. Figure 2 shows an optical micrograph of the central region in the transverse cross section for the cast 60%Zr alloy after the etching treatment where crystalline phase can be easily detected. The cross section was located at the site which was 15 mm away from the bottom surface. No distinct contrast revealing a crystalline phase is observed over the whole cross section, though a small number of fine dark spots corresponding to cavity are recognized. The X-ray diffraction patterns taken from the central region in the transverse cross section for the cast 61%Zr and 60%Zr alloys with a diameter of 20 mm are shown in Fig. 3 . Although these data indicate the formation of a glassy phase over the whole cross section of their Zrbased alloys, the further detailed confirmation of glass formation was made by using the high resolution electron microscopy (HREM) technique. Figure 4 shows HREM image and selected-area electron diffraction pattern (SAED) of the cast 60%Zr alloy. The cross section was 15 mm away from the bottom surface of the cast rod. The HREM image reveals only a modulated contrast typical for a glassy phase and neither medium range ordered atomic configurations nor nanoscale crystalline phase are observed. Besides, the SAED pattern also consists of only halo rings, indicating the Figure 5 shows DSC curves of the two cast glassy alloy rods with a diameter of 20 mm. The samples were taken from the central regions in the transverse cross section at the sites which are 15 mm away from the bottom surface of the alloy rods. The data of a cast Zr 65 Al 7:5 Ni 10 Cu 17:5 alloy rod with a diameter of 16 mm are also shown for comparison. The two Zr-Ti-Nb-Al-Ni-Cu glassy alloys exhibit the sequent transition of glassy solid, followed by an endothermic reaction due to glass transition, a supercooled liquid region and then multistage exothermic peaks due to crystallization. One can also notice a distinct change in the exothermic reaction on the DSC curves by the addition of Ti and Nb, i. 
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Glass-forming Ability
Thermal stability
) is evaluated to be 102 K for the 65%Zr alloy, 90 K for the 61%Zr alloy and 100 K for the 60%Zr alloy, indicating that the thermal stability of supercooled liquid against crystallization is almost independent of the addition of Ti and Nb. Figure 6 shows the DTA curves of the 61%Zr and 60%Zr alloys together with the data of the 65%Zr alloy. The liquidus temperature (T l ) is measured to be 1157 K for the 61%Zr alloy, 1156 K for the 60%Zr alloy and 1174 K for the 65%Zr alloy. Thus, the decrease in Zr content from 65% to 61% or 60% causes a significant reduction in T l , indicating that the alloys containing 2%Ti and 2%Nb approach the multicomponent eutectic point. The resulting reduced glass transition temperature (T g =T l ) and (¼ T x =ðT g þ T l Þ) 21) values are 0.561 and 0.409, respectively, for the 61%Zr alloy and 0.564 and 0.416, respectively, for the 60%Zr alloy, being higher than those (0.548 and 0.410) for the 65%Zr alloy.
With the aim of investigating the reason for the change in the crystallization stage from supercooled liquid, we examined the precipitation phase corresponding to the first exothermic peak by X-ray diffraction and TEM techniques. first exothermic peak and above the second exothermic peak, respectively. The X-ray diffraction pattern of the as-spun ribbon sample is also shown for comparison. All the sharp diffraction peaks except broad peaks for the alloy annealed at 710 K can be identified as a quasicrystalline phase with an icosahedral structure. The lattice parameter of the icosahedral phase evaluated from the X-ray diffraction peaks was 0.534 nm. On the other hand, the diffraction peaks of the alloy annealed at 790 K can be identified as a mixed structure of CuZr 2 , cubic NiZr 2 and tetragonal NiZr 2 phases and no icosahedral phase is recognized. Figure 8 shows bright-field TEM image and selected-area electron diffraction patterns of the Zr 60 Ti 2 Nb 2 Al 7:5 Ni 10 Cu 18:5 glassy alloy annealed for 900 s at 710 K. In the bright-field image, one can see homogeneous dispersion of spherical precipitates with a size of about 50 nm embedded in a glassy matrix. These diffraction patterns taken from different precipitation particles reveal five-, three-and two-fold symmetries, demonstrating that the precipitates have an icosahedral structure. These metallographic data shown in Figs. 7 and 8 indicate that the first exothermic peak is due to the precipitation of an icosahedral phase while the second peak results from the change from the remaining glassy plus icosahedral phases to a mixed structure of CuZr 2 , cubic NiZr 2 and tetragonal NiZr 2 phases. Besides, as is evidenced in Figs. 7 and 8 , we could not detect any compound phase containing Ti or Nb as a main constituent element in the annealed states. It is therefore presumed that the three crystalline phases include Ti and Nb in a replacement mode with Zr, because Zr-Ti and Zr-Nb binary equilibrium phase diagrams belong to a complete solid solubility type over the whole composition range. 22) Figure 9 shows compressive stress- site which was 15 mm away from the bottom surface. Both the samples exhibit a large elastic strain of about 0.02, followed by a distinct yielding, significant plastic strains of 0.004 to 0.012 accompanying the serrated flow and then final rupture. The deformation and final fracture occurred along the maximum shear stress plane which was declined by about 45 degrees to the direction of applied load, as shown in Fig. 10 . The Young's modulus and yield strength are about 81 GPa and 1610 MPa for the sample obtained from the central region and 80 GPa and 1535 MPa for the sample obtained from the near-surface region. It is noticed that the former (central region) sample produced at a lower cooling rate exhibits higher Young's modulus, higher yield strength and larger plastic strain than those for the latter (near-surface region) sample. There is a tendency for mechanical strength and ductility to increase with decreasing cooling rate, suggesting that the mechanical properties of the present bulk glassy alloy rod with the large diameter of 20 mm are improved in an appropriately relaxed glassy structure state. Here, it is important to point that no distinct degradation of mechanical properties with a significant increase in sample diameter from several millimeters to two centimeters is recognized for the Zr 60 Ti 2 Nb 2 Al 7:5 Ni 10 Cu 18:5 bulk glassy alloy. This knowledge is very prospective for future application of the Zr-based bulk glassy alloy as structural materials.
Mechanical properties
Discussion
It was shown that the maximum diameter of the Zr-based glassy alloys produced by the tilt casting method increased from 16 , accompanying the significant decrease in T l as well as the increases in T g =T l and . On the other hand, there are no systematic changes in ÁT x with Zr content. Thus, the high glass-forming ability for the present Zr-based alloys is not directly proportional to the temperature interval of supercooled liquid region before crystallization. The increase in the glass-forming ability by the simultaneous addition of Ti and Nb seems to have a close relation with the following results, i.e., (1) the increase in the precipitation tendency of icosahedral phase resulting from the development of shortrange icosahedral ordered atomic configurations for the Tiand Nb-containing alloys, and (2) the increases in T g =T l and through the lowering T l . Experimental results and computer simulations have reported that the icosahedral type clusters should be the preferred short-range order (SRO) in metallic glass when the atomic size ratio (R) between solute and solvent atoms is close to 0.85. 23, 24) This is because the R $ 0:85 is energetically most favored in forming icosahedral clusters. 23) For the current Zr-Al-Ni-Cu-(Ti,Nb) alloys, R ðCu/ZrÞ ¼ 0:79, R ðAl/ZrÞ ¼ 0:88, R ðNi/ZrÞ ¼ 0:77, R ðTi/ZrÞ ¼ 0:90 and R ðNb/ZrÞ ¼ 0:91. As a result, the icosahedral-type SRO should be the main underlying topological SRO in the present Zr-Al-Ni-Cu-(Ti,Nb) glassy alloys, which plays an important role in stabilizing the glass configuration. 25) Consequently, high stability of the icosahedral-type SRO results in the high stabilization of the supercooled liquid, which is associated with high GFA of the Zr-Al-Ni-Cu-(Ti,Nb) glassy alloys. In addition, the high T g =T l above 0.56 implies that the viscosity of the supercooled liquid for the present alloy increases rapidly with decreasing temperature, leading to easy solidification of supercooled liquid into a glassy solid state under the suppression of crystallization reaction. Thus, these close relationships may be presumed that the origin for the improvement of glass-forming ability is due to the suppression of crystallization reaction from the supercooled liquid leading to the decrease in T l during continuous cooling on the basis of the development of shortrange icosahedral ordered atomic configuration.
The primary precipitation of an icosahedral phase from supercooled liquid is consistent with the previous results for the Zr-based bulk glassy alloys in Zr-Al-Ni-Cu-O, 26, 27) ZrAl-Ni-Cu-NM (NM = noble metal) 28, 29) and Zr-Be-Ti-NiCu 30) systems which have been thought to be composed mainly of short-range icosahedral ordered atomic configurations. Although the enhancement of precipitation tendency of icosahedral phase by the addition of Ti or Nb agrees with the previous data 31) for Zr 57 Ti 8 Nb 2:5 Cu 13:9 Ni 11:1 Al 7:5 alloy, its glass-forming ability was much lower, and the critical sample diameter for formation of a glassy phase was below 3 mm. It can be presumed that the composition of the alloy is far from the eutectic point and leads to low T g =T l and through a high T l .
The significant enhancement of the glass-forming ability through the development of short-range icosahedral ordered atomic configurations by the simultaneous addition of Ti and Nb is a new important knowledge for scientific and engineering aspects and the further detailed clarification for its reason seems to provide a novel guideline for the development of a new bulk glassy alloy with higher glassforming ability.
Summary
With the aim of developing Zr-based bulk glassy alloys with good characteristics even in a large scale rod form of 20 mm in diameter, we examined the effect of simultaneous addition of Ti and Nb on the glass-forming ability, thermal stability and mechanical properties of the Zr 65 (2) The T g increases from 643 K for the 65%Zr alloy to 649 K for the 61%Zr alloy and 652 K for the 60%Zr alloy, while no systematic change in T x is recognized. Besides, the T l decreases from 1174 K for the 65%Zr alloy to 1156-1157 K for the 61%Zr and 60%Zr alloys, resulting in significant increases in T g =T l and from 0.548 and 0.410, respectively, for the 65%Zr alloy to 0.564 and 0.416, respectively, for the 60%Zr alloy. (3) The Zr-based alloys containing Ti and Nb elements show the supercooled liquid region of 90-100 K which is comparable to that (102 K) for Zr 65 Al 7:5 Ni 10 Cu 17:5 alloy. The precipitation from the supercooled liquid upon heating occurs through two stages, i.e., the primary precipitation of an icosahedral phase, followed by almost simultaneous precipitation of three crystalline phases, in contrast to the direct precipitation of three crystalline phases for the 65%Zr alloy. The development of short-range icosahedral ordered atomic configurations leading to the primary precipitation of icosahedral phase may be the reason for the increase in the glass-forming ability through the decrease in T l and the increases in T g =T l and . (4) The 60%Zr glassy alloy of 20 mm in diameter exhibits good mechanical properties under a compressive load for the specimens taken from the site which is 15 mm away from the bottom surface of the cast alloy ingot. The success of forming the larger scale bulk glassy alloys with good mechanical properties in the Zr-rich alloy system by the conventional casting process is useful for further extension of application fields of bulk glassy alloys.
